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Papillomavirus genomes are transcribed as one large complex transcription unit with multiple
promoters, two poly(A) sites (early and late), and considerable alternative splicing. As aresult, there are
multiple opportunities for post-transcriptional regulation of papillomavirus gene expression. Although
thisarea has notbeen as extensively studied as transcriptional regulation, there are a few well documented
examples of post-transcriptional regulatory elements which have been identified in the papillomaviruses.
This review will focus on elements which work at levels up through translation, but will not include
post-translational regulation.

Alternative splicing of papillomavirus pre-mRNAs is extensive and has been described in detail in
the maps presented elsewhere in this compendium. Splicing patterns and splice sites will not be detailed
here except in cases where the regulation of splicing has been studied. In general, alternative splicing
allows the generation of multiple mRNAs from one pre-mRNA and is essential for the differential
expression of genes in a compact genome such as the papillomaviruses.

Alternative splicing may play an important role in the regulation of the E6 and E7 proteins of the
high risk genital papillomaviruses. Splicing in the E6 ORF to give the E6*l, E6*Il, and E6*Il species
certainly affects the amount of full length E6 protein that can be translated from an E6 mRNA and may
also produce EG6 proteins with altered functions (see Myers and Androphy E6 chapter and references
therein). In addition, this splicing may also regulate translation of the E7 ORF by affecting translation
initiation at the AUG in the E7 ORF, although there is some question about the validity of this concept
(22,23). The cis elements and splicing factors which regulate splicing within the E6 ORF are not yet
known, but will be important to identify. Expression of the E7 ORF in HPV-16 is also dependent on
the 3 splice site at nt 880 (5). Mutation of this splice site leads to skipping of the exon containing
the E7 ORF, as would be predicted by the exon definition model of splicing (6,7). Thus changes in
the recognition of either splice site flanking the E7 exon could regulate E7 expression in the high risk
HPVs.

The early to late switch in BPV-1 gene expression is regulated at least partially at the level of
splicing. At early to intermediate stages of the viral life cycle, a comna@pl&e site at nt 3225 is used
for splicing almost all early pre-mRNAs as well as the late pre-mRNA. Most of these pre- mRNAs are
also polyadenylated at the early poly(A) site. In contrast, at late stages of the life cycle, a'repligle3
site at nt 3605 is activated (2). Coupled with this is a switch in poly(A) site use and synthesis of the
L1 mRNA. Thus there seems to be a link betweégBice site selection and poly(A) site choice. This
switch in 3 splice site utilization is dependent on differentiation and takes place as the keratinocyte
progresses from the spinous layer to the granular layer (4). In addition, this changspiic8 site
utilization may be a key step in the transition from the early to late stages of the viral life cycle since
activation of a suboptimal’Splice site at nt 3764 is linked to use of the nt 3605 ice site through
limitations on exon size (2,7). In turn, activation of the nt 3764@ice site may be required to suppress
polyadenylation at the early poly(A) site and allow polyadenylation to occur at the downstream late
poly(A) site (1).

Considerable information is now available about the mechanisms regulating selection of these
alternative 3splice sites and is summarized in the model shown in Figure 1. Both the nt 3225 and nt
3605 3 splice sites are suboptimal, allowing their recognition to be regulated by additional cis elements
(30). Immediately downstream of the nt 3225sBlice site is a bipartite splicing regulatory element
consisting of a purine-rich exonic splicing enhancer (SE1) followed immediately by a pyrimidine-rich
exonic splicing suppressor (ESS) (Table 1 and Figures 1 and 2A) (30). This element is capable of
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Figure 1. Model for the regulation of BPV-1 alternative splicing by exonic sequences. The region in the
vicinity of the nt 3225 and 3605 3plice sites (ss) and nt 3764plice site are shown with the locations

of the exonic splicing enhancers and suppressor indicated by shaded boxes. Protein-RNA and protein-
protein interactions are indicated above the map. Arrows below indicate whether the interactions are
stimulatory (+), inhibitory (-), or hypothetical (?).

Table 1 Cis-elements and trans-factors involved in papillomavirus post-transcriptional regulation

Virus Name Location Nucleotide Mechanism of Trans-acting Figure Reference
Position Action Factors
BPV-1 § splice site late 3 TR  7136-7144 inhibitor of U1 snRNP 2B (12, 13)
polyadenylation

BPV-1  exonic splicing early region 3256-3305 enhancer of splicing SR proteins 2A (30, 31)
enhancer 1 (SE1)

BPV-1  exonic splicing  early region 3477-3526 enhancer and/or SR proteins 2A (30, 31)
enhancer 2 (SE2) repressor of splicing

BPV-1 exonic splicing early region 3306-3354 repressor of splicing U2AF65 SR 2A (30, 32)

suppressor (ESS) proteins
BPV-1  short upstream late leader 7250-7385 inhibition of (8)
ORFs translation
HPV-16 NRE late 3UTR  7130-7208 mMRNA instability? U2AF65 2E (11, 13, 17,
polyadenylation? 18, 26)
translation?
HPV-16 ARE (A-rich early 3UTR 4005-4213 mRNA instability 2D (14)
element)
HPV-16 L1 ORF 5813-6150 decreases both (26)
mRNA and protein
levels
HPV-1a late 3UTR  6958-7035 decreases both 38, 52 kDa nuclear 2C (27, 29)
mRNA and protein and 50, 74 kDa cy-
levels toplasmic proteins

both positively and negatively regulating use of the nt 3228p8ice site. A short distance upstream
of the nt 3605 3splice site is a second purine-rich exonic splicing enhancer (SE2) (Figures 1 and 2A
and Table 1). Both SE1 and SE2 are required for the preferential use of the nt’3Qa&8 site in
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undifferentiated cells. SE2 could work as either an exonic splicing enhancer on the nt 3pl&eSsite

or as an intronic splicing suppressor on the nt 360§plce site as seen for the adenovirus 3RE (16).
SE1 and SE2 bind multiple members of a family of constitutive and alternative splicing factors known
as SR proteins (31). SR proteins enhance use of suboptinsalie sites by recruiting the essential
splicing factor to the 3splice site. U2AF in turn recruits the U2 snRNP to the branch point (reviewed

in (20)). The ESS binds both SR proteins and U2AF65 and may compete with the suboptpiale

site for these factors (32). This particular arrangement of positive and negative elements allows the
coordinated regulation of splicing by the same set of factors. However, it is not yet known how these
factors are affected by keratinocyte differentiation and/or viral proteins.

A) BPV-1 splicing regulatory elements
SE1 GAAGGA CCUGAAGGAGA CCCUGCAGGAAAAGAAG CCGAGCCAGCCCAGCC

SE2 AAGGCAGGAAGAAGAGGAG CAGUCGCCCGACUCCACAGAGGAAGAA CCAG

ESS UGUCUCUUCUUUGCUCGGCUCCCCCGCCUGCGGUCCCAUCAGAGCAGGC

B) BPV-1 late 3'UTR
UL 3. GACGGBUCCAUUCAU, A pppG™ 5
mMRNA 5___ AAGGUAAGU 11 nt____ AAUAAA 3

C) HPV-1 late 3'UTR
5___AUUUA__10 nt_AUUUA__7 nt _(UUUUUAUA), _ 368nt__AAUAAA___ g

D) HPV-16 early 3'UTR instability element

AGCAGCCUCUGCGUUUA GGUGUUUUAUU GUAUAUAUUAUAUUU GUUUAUAUA CC
AUUAUUUUUAAUA CAUACACAUGCACGCUUUUUAAUUA CAUAAUGUAUAUGUAC
AUAAU GUAAUU GUUA CAUAUAAUU GUUGUAUA CCAUAA CUUA CUAUUUUUU CuU
UUUUAUUUU CAUAUAUAAUUUUUUUUUUU . GUUUGUUUGUUUGUUUUUUAAUAAA

E) HPV-16 late 3'UTR
5__ GCUAAACGCAAAAAAC GUAAGCUGUAAGUAUUGUAUGUAUGUU

GAAUUAGUGUUGUUUGUUGUGU AUAUGUUUGUAUGU__ 112 nt_ AAUAAA__ 3

Figure 2. Sequences of papillomavirus post-transcriptional regulatory elements. References and nu-
cleotide positions are given in Table 1. A) The sequences of BPV-1 splicing regulatory elements SE1,
SE2, and the ESS are shown. Purine nucleotides are shown in bold. The underlined sequences in SE1
and SE2 are potential binding sites for the SR protein ASF/SF2 and either match most closely with the
A13 sequence (AGAAGGAC) or the consensus sequence (RGAAGAAC) obtained through a SELEX
procedure inreference (25). B) The BPV-1 latgBR element (bold) is a regulatory $plice site which

base pairs with the’®nd of the U1 snRNA and inhibits polyadenylation. C) Two AUUUA sequences
(bold) in the HPV-1 late @JTR are essential for inhibitory activity, although three UUUUUAUA se-
guences also contribute to full activity of the element. D) The sequence of the HPV-16 '€dMR3

is shown. Although the exact mRNA instability element has not been mapped, it most likely consists
of an AU-rich region followed by a U-rich region (21). A and U residues are shown in bold. E) The
HPV-16 late 3UTR element has 4 overlapping nonconsensisplice site-like sequences (underlined)
followed by a GU-rich region (Gs and Us shown in bold). In B-E, AAUAAA is the polyadenylation
signal.
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A number of additional negative regulatory elements have been identified in both coding regions
and 3 UTRs of several of the papillomaviruses. These elements are summarized in Table 1 and the
sequences are shown in Figure 2. Perhaps the best studied of these elements resides in the BPV-1 late
3'UTR and inhibits the expression of the L1 and L2 mRNAs (12,13). This element has been mapped to
a 5 splice site which plays a regulatory role but is not used for splicing (Figure 2B). At least one splicing
factor, the U1 snRNP, binds to thé $plice site and is required for its function. There are at least two
mechanisms by which d Splice site can inhibit gene expression: nuclear retention and inhibition of
polyadenylation. It should be noted that the second mechanism may also lead to nuclear retention since
in most cases polyadenylation is required for nucleocytoplasmic transport.irBeivo andin vitro
studies have demonstrated that aflice site can inhibit polyadenylation (1,10). In favor of a nuclear
retention mechanism is the observation that the HIV-1 Rev protein in trans and the Rev-binding site in
cis can block the inhibitory effect of d Splice site (3). The Rev protein promotes the nucleocytoplasmic
transport of mMRNAs to which it is bound. Additional studies will be required to distinguish between
these mechanisms. The HPV-16 laté&J3 R contains an element which also inhibits expression of late
mRNAs and has some similarities with the BPV-1 latdBR (Table 1 and Figure 2E). Treatment of
keratinocytes with PMA, an agent which induces differentiation, relieves inhibition by this element,
suggesting that the latél3TR plays an important role in regulating differentiation- dependent late gene
expression (11). This element appears to have two parts (see Figure 1E):sémguBnce has four
overlapping motifs that look like weak (nonconsensusydice sites (13). No single motif is sufficient
for inhibition expression. However, multiplé Splice sites inhibit expression much more that a single
5 splice site, suggesting that the four weak sites may act together to inhibit expression (3). A second
downstream region consists of a GU-rich sequence that may bind the splicing factor U2AF65 (11). The
mechanism by which this element functions is not clear. Tan et al. (26) used a p17gag reporter system
in vivo and found a 64-fold decrease in protein levels and only a four-fold decrease in mRNA levels,
suggesting that the’G@TR element may affect multiple processds. vitro studies demonstrated an
effect on mRNA stability, but not polyadenylation (17,18). However, a role in mRNA destabilization
has not been showin vivo.

Although several papillomavirus latélBTRs have negative regulatory elements, the sequences
of these elements are not conserved. This may relate to different tissue tropisms for the viruses. The
HPV-1 late 3UTR has an element which looks unlike either of the elements described above (27). This
element has two essential AUUUA maotifs followed by three USAUA motifs which are less important
(Table 1 and Figure 2C). Like the HPV-16 latdJIR element, the HPV-1 element affects protein
levels much more that mRNA levels, suggesting that it acts predominantly as an inhibitor of translation.
AUUUA sequences in the’'BTRs of many cellular genes have been shown to destabilize mRNAs in
the cytoplasm and inhibit translation (reviewed in (21)).

Inhibitory elements are not restricted to the latd BRs. The HPV-16 early’8 TR contains an
element which destabilizes early mRNAs in vivo (14), although a destabilization phenotype for this
element has not been universally seen (27). Although this element has not been finely mapped, the
early 3UTR consists of a long AU-rich region followed by a U-rich region (Figure 2D). This structure
is typical of mMRNA instability elements found in th&BTRs of other unstable mRNAs (21). Changes
in early mRNA stability may play an important role in the increased expression of E6 and E7 proteins
seen at late stages in malignant progression of HPV-16 lesions. In most cancers, the HPV genomes are
integrated into the host chromosomes. Integration generally disrupts the E1 and E2 regions so that E6
and E7 mRNAs are expressed as viral/host chimeras. If integration occurs upstream of the poly(A) site
of a cellular gene with stable mMRNAs, the chimeric viral MRNAs would be more stable than the viral
MRNAs expressed from extrachromosomal viral genomes, leading to increased viral mMRNA levels in
the cancers.

Other negative regulatory elements have also been found in coding regions. An element in the
HPV-16 L1 ORF inhibits expression of a CAT reporter gene (Table 1) (26). Like many of the other
elements described above, this one also reduces protein levels much more than mRNA levels. Neither
the sequences which are required for the function of this element nor the mechanism of action are known.
Several of the elements described above decrease protein levels more than mRNA levels, suggesting
that papillomavirus late gene expression is subjected to translational regulation. This is supported by
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in situ hybridization and immunoperoxidase studies of an HPV-6-infected vulvar condyloma which
demonstrated that only a subset of the cells containing L1 mRNA also expressed high levels of L1
protein (24). Translation of papillomavirus proteins from multicistronic mRNAs can be blocked by the
presence of the upstream ORFs. The\E4 ORF in an HPV-6 or 11 E4E4AL1 mRNA blocks the
translation of the downstream L1 ORF (9,28). Likewise, four short ORFs in the first exon of the BPV-1
L1 mRNA inhibit translation of the L1 ORF (8). This effect is presumably due to either a block to 40S
ribosome scanning or to a specific inhibitory peptide translated from one of the uORFs (reviewed in
(29)). In contrast, the HPV-16 E5 ORF appears to be translated only if the upstream E2 ORF is also
translated (15). The mechanism for this coupling is not known.
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